However, Menon et al. 2 reported that several porphyrins, including coproporphyrin (CP) and uroporphyrin (UP), had the ability to produce H2O2 even in the absence of an electron donor. Although this study was a pioneering work with regard to the direct photoproduction of H2O2 by porphyrins without an electron donor, no further study has been devoted to the structure-activity relationship. This seemed to be partly due to the lack of an appropriate analytical method for detecting H2O2 in the presence of porphyrins. Menon et al. 2 applied a colorimetric method based on an enzymatic reaction using peroxidase coupled with phenol and 4-aminoantipyrine to measure H2O2.
With this method, the concentration of porphyrin must be lowered to avoid interference from strong absorbance due to porphyrin, itself. Menon et al. 2 used a maximal concentration of 1 µM of porphyrin and detected µM levels of H2O2 after photo-irradiation for 60 min. This was almost the limit of detection for H2O2 in the colorimetric assay. 8 Hence, it is important to find a more suitable method to detect H2O2 in the presence of porphyrin. In this study, we used a luminol chemiluminescence method 9, 10 and found that it could quantify H2O2 even in the presence of a high concentration of porphyrin. Using the present method, we demonstrated how the chemical properties of porphyrins, especially their aggregation in an aqueous solution, [11] [12] [13] influenced the photogeneration of H2O2.
Experimental

Chemicals
Coproporphyrin I dihydrochloride (CP), hexacarboxylporphyrin I dihydrochloride (HCP), hematoporphyrin IX dihydrochloride (HP), protoporphyrin IX disodium salt (PP), and uroporphyrin I dihydrochloride (UP) were purchased from Frontier Scientific (Logan, UT, USA). Mesoporphyrin IX dihydrochloride (MP) was purchased from Sigma (St. Louis, MO, USA). The chemical structures of these porphyrins are shown in Fig. 1 . Luminol was obtained from Tokyo Kasei (Tokyo, Japan) and was used after recrystallization. H2O2 (35 wt% in water) was a product of Ishizu Seiyaku (Osaka, Japan). Iron(III) tetrakis-5,10,15,20-(N-methyl-4-pyridyl)porphin chloride (Fe(III)TMPyP) was synthesized from tetrakis-5,10,15,20-(N-methyl-4-pyridyl)porphin tosylate (Mid-Century, Chicago, IL, USA) and FeCl2·4H2O. 14 The purity was checked by the molar extinction coefficient reported previously. 14 All other chemicals were of analytical reagent grade.
Preparation of porphyrin stock solutions
Most porphyrins, except for PP, were well dissolved in 10 mM NaOH. These solutions were neutralized by adding appropriate amounts of 100 mM HCl, and then pure water was added to make 500 µM porphyrin stock solutions. PP was not dissolved completely, but was prepared in the same way and stocked as a 500 µM suspension. These solutions or suspension were kept in a refrigerator and diluted to desired concentrations with 10 mM sodium phosphate buffer (pH 8.0).
Determination of H2O2 by colorimetry
The colorimetric assay was performed according to the method of Menon et al. 2 The reagent consisted of 11.7 mg/ml of phenol, 5 mg/ml of 4-aminoantipyrine, 10 µg/ml of horseradish peroxidase, and a small amount (25 nmol/ml) of H2O2 to stabilize the complex of phenol and 4-aminoantipyrine in 10 mM sodium phosphate buffer (pH 7.4). To this reagent (0.5 ml), the test solution (3 ml), prepared by successive dilution of a commercially available H2O2 solution (35 wt% in water), was added and the mixture was incubated for 5 min at room temperature (about 25˚C). The concentration of H2O2 in the test solution was determined through the formation of a complex of phenol and 4-aminoantipyrine showing absorbance maxima at 504 nm, which was measured on a Shimadzu UV-1200 spectrometer.
Determination of H2O2 by the luminol chemiluminescence method
Luminol and Fe(III)TMPyP were dissolved in 0.1 M Na2CO3. To a test solution (0.5 ml) placed in a plastic cell, a 117 µM luminol solution (1.5 ml) and a 11.7 µM Fe(III)TMPyP solution (1.5 ml) were injected simultaneously and mixed. The chemiluminescence arising from the solution was recorded for about 2 min. A Shimadzu multiconvertible spectrophotometer (Double-40) was modified to detect the chemiluminescence.
Photo-irradiation experiments
A 5-ml volume of a 50 µM porphyrin solution dissolved in 10 mM sodium phosphate buffer (pH 8.0) was put in a cylindrical glass vessel and photo-irradiated with a 1 kW tungsten projector lamp (Rikagaku Seiki, Tokyo, Japan) for 10 min with stirring at 25˚C. Subsequently, 0.5 ml of the solution was pipetted into a plastic cell and the H2O2 produced was determined by the luminol chemiluminescence method, as described above.
Because the existence of porphyrin in an assay mixture greatly affected the profile of chemiluminescence, the calibration graph against H2O2 was measured in the presence of porphyrin. The rise in temperature of the solution after 10 min of photoirradiation was at most 0.3˚C, which was negligible.
Absorption spectra
In order to obtain information about the state of aggregation and the degree of decomposition of each porphyrin, the absorption spectra of porphyrin (50 µM) solutions before and after photo-irradiation were measured on a Shimadzu UV-1200 spectrometer using a cell with a 1 mm light-path length. The extent of the decomposition of porphyrins by photo-irradiation was evaluated from differences in the integral intensities of the spectra before and after irradiation.
Results and Discussion
Comparison of colorimetry with the luminol chemiluminescence method
Menon et al. 2 employed colorimetry based on an enzymatic reaction using peroxidase coupled with phenol and 4-aminoantipyrine to measure H2O2. First, we reexamined this method. In the absence of porphyrin, the absorbance at 504 nm attributable to the complex of phenol and 4-aminoantipyrine increased linearly with increases in the concentration of H2O2 (up to around 20 µM). The difference in the absorbance at 504 nm between the blank and 1 µM H2O2 was 0.0034 using a standard cell with a 1 cm light-path length, showing that the limit of detection with this method was about 1 -2 µM. This colorimetry was, however, subjected to a large degree of interference when porphyrin was present in the assay mixture. For example, UP produced strong absorbance at 504 nm, where the extinction coefficient was 11400 M -1 cm -1 . This made it difficult to determine even a high concentration (10 µM) of H2O2 when the concentration of UP was raised to 50 µM.
We employed a luminol chemiluminescence method to quantify H2O2. The luminescence is due to the oxidation of luminol by H2O2, which requires an appropriate catalyst. 9, 10 We used Fe(III)TMPyP 15 as the catalyst, which produced a strong peak of chemiluminescence within a few seconds. The profiles of chemiluminescence in the absence and presence of 5 µM UP are shown in Figs. 2a and b. These two profiles were almost the same, and the peak intensities of the chemiluminescence increased with increases in the concentration of H2O2 (Fig. 3) . It should be pointed out that the chemiluminescence was observed even without the addition of H2O2 (Fig. 2) . This supported the notion that dissolved oxygen molecules also functioned as an oxidant to produce weak chemiluminescence. 10 In the presence of 50 µM UP, the profiles became rather broad (Fig. 2c) , but the total yields of chemiluminescence depending on the concentration of H2O2 were comparable to those shown in Figs. 2a and b . We used the peak intensities to calibrate the amounts of H2O2, because they clearly increased with increases in the concentration of H2O2 (Fig. 3) . Although the peak 256 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 Fig. 1 Chemical structure of the porphyrins tested. Fig. 2 Chemiluminescence profiles of luminol, depending on the concentrations of H2O2 and UP.
intensities dropped to about 55% as compared with those at 5 µM UP, such decreases seemed to be ascribed in the absorption of the chemiluminescence arising from luminol by UP, especially at a higher concentration (50 µM). Moreover, the absorbed UP molecules, in turn, produced fluorescence, leading to a gradual broadening of the emission profiles. These effects were negligible at the lower concentration (5 µM) of UP. Furthermore, we observed that HCP also reduced the intensity and induced a broadening of emission profiles similar to UP, but CP, HP, and MP had much smaller effects, and the effect of PP was negligible (data not shown). Although we discuss the aggregation of these porphyrins in aqueous solution later, there was a clear tendency for porphyrins, such as UP and HCP, in a monomer form to show stronger absorption and to produce greater decreases in the intensity and a broadening of the emission profiles, as shown in Fig. 2c . Therefore, when differences in the spectral characteristics of individual porphyrins were considered, the chemiluminescence method is effective for the determination of µM levels of H2O2, even in the presence of a high concentration (50 µM) of porphyrin. The determination of such low levels of H2O2 could not be attained by colorimetry. The calibration graphs of the chemiluminescence intensity against the H2O2 concentration were non-linear, and rather complex in all cases, as shown in Fig. 3 . This is because, in this system, H2O2 was consumed not only for the oxidation of luminal, but for the generation of a novel species, TMPyPFe(IV)=O, from Fe(III)TMPyP. 15 The detection limit for H2O2 in the presence of UP (50 µM) was about 1 µM, taking into consideration that the peak intensity of the chemiluminescence in the absence of H2O2 shown in Fig. 2c gave a relative standard deviation of 14% (n = 4).
Relation between photogeneration of H2O2 and decomposition of porphyrins
We then measured the decomposition of UP during photoirradiation, because porphyrin is known to cause photobleaching. 16 As shown in Fig. 4 , the decomposition of UP was closely related to the formation of H2O2. A relatively good correlation between the decomposition of porphyrin and the production of H2O2 implied that the reaction proceeded via the transfer of electrons from triplet excited porphyrin molecules to oxygen molecules to produce O2 -, leading to the formation of H2O2. 17 It is probable that the porphyrin cation, which formed concurrently with O2 -, easily decomposed, because of the lack of an electron donor in the present system. For subsequent experiments, we chose 10 min's photo-irradiation, where the degree of decomposition of porphyrins was relatively suppressed. Under these conditions, the concentration of photogenerated H2O2 was in the order of µM, and hence the present method was quite effective for the determination of H2O2. Table 1 summarizes the abilities of various porphyrins to produce H2O2. A notable feature is that H2O2 was more effectively generated with increasing numbers of dissociable carboxyl groups in the porphyrins, except in the case of PP. Thus, UP, HCP, and CP, having eight, six, and four dissociable carboxyl groups, respectively, had a greater ability to produce H2O2 than HP and MP having two dissociable carboxyl groups. However, PP, in spite of having two dissociable carboxyl groups, had a good ability to produce H2O2. This implied that another factor was involved. We were interested in the degree of aggregation of porphyrins, because some porphyrins are known to take mainly dimeric forms in aqueous solutions. 13, 18 Figure 5 shows the absorption spectra of porphyrins under the same conditions as used in the photochemical experiments. Most of the obtained spectra were consistent with previous results.
Photogeneration of H2O2 depending on the aggregation of porphyrins
11 -13 For example, UP was reported to take a monomeric form up to a concentration of 83 µM. 19 In agreement with this report, the observed spectra of UP had a sharp Soret band at 396 nm, showing that the monomer was present when the concentration was 50 µM. HCP gave almost the same spectrum as UP, showing a monomeric form. These porphyrins produced larger amounts of H2O2, as shown in Table 1 . UP and HCP had a large number of dissociable carboxyl groups, and hence the transfer of electrons from porphyrins to oxygen molecules might be accelerated by the highly anionic environment needed to stabilize the porphyrin cations. In contrast, HP is known to adopt a dimeric form. 13, 18 The spectrum observed in HP showed a marked decrease in the intensity of the Soret band, being blueshifted to 374 nm, which was a typical spectrum assigned as a dimeric form. 13 The spectrum of MP was similar to that of HP, though the intensity of the Soret band somewhat decreased, showing that most of the MP was present as a dimer, like HP. These porphyrins produced rather small amounts of H2O2. This result can be simply explained by the lower efficiency of the dimer than the monomer to absorb light, as can be seen from the absorption spectra shown in Fig. 5 .
However, another explanation is also possible: that is, the dimer is not a preferred structure inherently for the transfer of electrons from porphyrin molecules to oxygen molecules, because the dimer of porphyrin is generally known to suppress energy transfer and/or charge separation more strongly than the monomer. [20] [21] [22] The major reason is not clear in the present experiment alone. The spectrum of CP showed a splitting of the Soret band, giving two peaks at 390 and 368 nm, showing a mixture of monomeric and dimeric forms. The amount of H2O2 produced by CP was between the monomeric and dimeric types, which still made it 257 ANALYTICAL SCIENCES FEBRUARY 2006, VOL. 22 possible to generate H2O2 efficiently. The absorption spectrum of PP was extremely broadened, showing a highly aggregated form, as previously reported. 13 It is interesting that PP produced much greater amounts of H2O2 than any dimer of porphyrins. In general, H2O2 is effectively photogenerated on the surface of solid-phase porphyrins. [23] [24] [25] It is likely that a highly aggregated form of porphyrin adopted a semiconductor-like role, causing effective charge separation, leading to a larger amount of H2O2.
These results demonstrated that the efficiency of porphyrins to produce H2O2 was strongly dependent on the state of their aggregation, and a dimeric form suppressed the production of H2O2.
Conclusion
The photogeneration of H2O2 in the presence of porphyrins was successfully determined using a luminol chemiluminescence method. The limit of detection was around 1 µM, even in the presence of 50 µM porphyrin. The ability of porphyrins to photogenerate H2O2 was strongly dependent on their degree of aggregation. UP and HCP, which existed as a monomer, had a good ability to produce H2O2. HP and MP, existing as a dimer, showed weak activity. CP, forming a mixture of monomer and dimer, had an intermediate ability. PP was highly aggregated and had a good ability to produce H2O2, similar to a semiconductor. The concentration of each porphyrin was 50 µM and photoirradiation lasted 10 min. The values are expressed as the mean ± standard deviation (n = 3). Aggregated forms of porphyrins, which were determined from the absorption spectra, are also shown. 
